In this study, we describe the green plasma electrolysis of a magnesium alloy in alkaline electrolyte to produce a hybrid inorganic layer with nickel (hydr)oxide incorporated in a matrix of magnesium oxide, and investigate the electrochemical and optical properties of this material. The addition of Ni(NO 3 ) 2 $6H 2 O to the electrolyte reduced the size of the micro-defects found in the inorganic layer after plasma electrolysis by inducing soft plasma discharges. As a result, through cyclic voltammetry and polarization tests, the corrosion stability of the sample containing nickel (hydr)oxide was significantly enhanced. Measurement of the optical properties reveals that the material possesses excellent energy efficiency as indicated by a high solar absorptivity of $0.92 and a low infrared emissivity of $0.13 which are presumably due to the inherent dark-brown colour of nickel (hydr)oxide. We expect that these results will have implications in the development of functional materials with excellent optical and corrosion properties by considering green processing utilizing alkaline electrolyte.
Introduction
Solar energy is regarded as a promising energy source due to its abundance and renewability. The solar spectrum band covers the wavelengths from 200 to 2500 nm, which correspond to the ultraviolet (UV), visible (Vis) and near infra-red (NIR) bands, while the thermal radiation of an ideal black body is in the range of 2500-25 000 nm, which corresponds to the mid-and far infra-red bands. 1 To optimize the absorption of solar radiance, a material must have high solar absorbance (a s ), low reectance, and low thermal emittance (3) to allow for the effective absorption of solar radiation and the preservation of the heat by suppressing light/infrared re-radiation; that is, its energy efficiency (a s /3) must be high.
2,3
Dark-coloured coatings have attracted great interest for applications in solar-absorbance materials, optical equipment, and sensors, and in the aerospace and defence industries. [2] [3] [4] In addition to high absorption capacity, an important strategy for obtaining dark-coloured materials is to incorporate particles or microstructure arrays, which restrict light in deep pores, such as carbon nanotubes.
2-4 However, two important problems from previous investigations remain unresolved: (1) the produced dark-materials exhibit poor adhesion with substrate, limiting their practical applications; (2) their low reectance properties are achieved at the expense of large size and low cost. Therefore, the development of dark-coloured materials suitable for practical applications remains a challenge.
Because of the low thermal emittance of metals, desirable solar absorber coatings are generally fabricated on metal substrates with a high thermal conductivity. 3 Recently, numerous surface treatment technologies have been proposed to prepare coatings with high a s values on metal substrates, including electroplating, blackening treatment, and plasma electrolytic oxidation. [3] [4] [5] Electroplating and blackening treatments are conventional methods that are commonly used to produce attractive black-coloured coatings. 5 However, the coatings produced by these methods exhibit several drawbacks, such as non-uniform thickness, low adhesion, insufficient mechanical properties, and inferior corrosion resistance, which limit their applications even in mild environments. Furthermore, the disposal of the liquid waste generated by these methods raises several environmental issues such as acidic and highly oxidative solution. Thus, the development of an ecofriendly, pollution-free processing method to produce protective and high performance coatings is urgently required for a number of industries.
Plasma electrolytic oxidation (PEO) is a green method utilizing one-step electrolysis that allows the fast growth of amorphous/crystalline oxides of the original material on the surface of lightweight metals and their alloys (Al, Mg, Ti) via plasma discharges to produce an adhesive, hard, and corrosionresistant inorganic layer. 6 The characteristics of the inorganic layer formed by the PEO process are affected by the plasma characteristics (size, density, intensity, and duration), which can be controlled by the electrolyte conditions, e.g. its chemical composition, and the processing variables, such as electrical parameters, including current density, frequency, and current mode. 7, 8 Among these, the chemical composition of the electrolyte is believed to be the most important factor in improving the microstructure and functional properties of the inorganic layer. 9 To date, several studies have proposed the incorporation of colouring agents into inorganic layers to improve their solar absorptivity (a s ). 10 The formation of transition metal oxides as colouring agent during the PEO process, including titanium oxide (TiO 2 ), ammonium metavanadate (NH 4 VO 3 ), copper oxide (CuO), sodium tungstate (Na 2 WO 4 ), and zinc oxide (ZnO), has been reported to play a crucial role in improving the absorbance value of the resulting materials.
11-14 However, those method also have several limitations, such as poor adhesion and nonuniform coating, which limit their application.
Transition metal oxides produces a dark colour on the surface of the inorganic layer, resulting in high light absorption as their solar absorbance (a s ) value approaches the value of black body (a s ¼ 1). The transition metal nickel (Ni) is well-known to be an effective solar absorber material for applications in optical and solar-thermal conversion. 5 The development of Ni-incorporated inorganic layers has attracted great interest, since such layers exhibit excellent solar absorbance and corrosion resistance. In a report by Somasundaram et al., 15 the a s value of an inorganic layer fabricated on a copper substrate was improved by the deposition of Zn-Ni, due to the formation of a uniform at-absorbing Zn-Ni layer. A similar study was reported by Shashikala et al., 16 in which a black Ni-cobalt layer was formed on an aluminium substrate by electroplating and exhibited a high a s value of $0.94. These excellent properties were attributed to the formation of Ni oxides, generating a dark-coloured inorganic layer that provided good corrosion resistance.
5 Multiple reduction-oxidation (redox) processes occur during the electrodeposition of Ni, leading an inorganic layer with a complex composition containing Ni-oxides with several oxidation numbers. 17 Unfortunately, these strategies require several processing steps and have a high cost due to the utilization of Ni and its alloys as the parent materials to produce the dark-coloured inorganic layer. Previous investigation reported that incorporation of Ni ions on TiO 2 matrix could enhanced the catalytic and photocatalytic properties of TiO 2 lms. 18, 19 However, the studies reporting the incorporation of nickel ions into the matrix of MgO via PEO are limited. Although prior study by Hwang et al. 20 reported the effect of Ni ions to the colour and microhardness of resultant coating, the incorporation mechanism, and the functional properties of Ni-MgO composites grown by plasma electrolysis have never been discussed before.
Here, we investigate the facile fabrication of a high absorbance hybrid layer with corrosion resistant properties through a one-step processing method by adding a simple Ni salt, NiNO 3 $6H 2 O, to the alkaline electrolyte to decorate a highly adhesive inorganic layer via PEO. The solar absorptivity of the samples was evaluated by measuring the absorbance with respect to the surface colour and microstructural characteristics, whilst the stability and corrosion protection of the inorganic layer were evaluated using polarization and voltammetry tests. The mechanism of the incorporation of nickel (hydr) oxide, comprising both nickel hydroxide and nickel oxide at the same time, will be discussed by taking the microstructural characteristics and the composition of the inorganic layer into account.
Experimental sections
A sheet of AZ31 Mg alloy was cut to dimensions of 30 Â 20 Â 5 mm. All samples were mechanically ground using SiC paper up to #1200, rinsed with distilled water, and ultrasonically cleaned in ethanol prior to the PEO process. Table 1 lists the chemical composition of the electrolytes with and without Ni(NO 3 ) 2 -$6H 2 O. A glass vessel equipped with a magnetic stirrer and a water cooling system was used as the electrolyte container. The electrolyte temperature was maintained at approximately 288 K to stabilize the electrochemical reactions during the PEO process. Stainless steel mesh was used as the cathode, and the sample itself was used as the anode. The PEO process was performed under an AC current with a constant frequency and current density of 60 Hz and 100 mA cm À2 , respectively. The surface and cross-sectional morphologies, as well as the elemental mapping of each sample, were observed using eld-emission scanning electron microscopy (FE-SEM, Hitachi S-4800) coupled with an electron probe microanalyser (EPMA, JEOL JXA-8530F). The phase composition was examined using X-ray diffraction (XRD, PANalytical X'Pert PRO) with a step size of 0.05 and a scan range of 30 to 90. Additionally, the chemical composition was analysed using X-ray photoelectron spectroscopy (XPS, ESCA PHI 5800); transmission electron microscopy (TEM, TECNAI F20) was utilized to obtain high resolution images of the nickel (hydr)oxide structures. The solar absorbance (a s ) properties were measured using a UV/VIS/NIR spectrometer (Cary 5000) with scanning range of 200 to 1000 nm at an excitation wavelength of 325 nm. Cyclic voltammetry measurements were performed in 3 wt% KOH solution in the potential range of À5.0 V to 5.0 V (vs. Ag/AgCl) at a scan rate of 100 mV s À1 for 50 cycles to evaluate the electrochemical stability of the inorganic layers, and the potentiodynamic polarization tests were conducted from À0.25 to 0.4 V with respect to the 
Results

Plasma discharge characteristics
The characteristics of the plasma discharges, i.e. their size, density, duration, and intensity, determined the microstructures of the resulting inorganic layer. [21] [22] [23] Monitoring these characteristics during plasma electrolysis is important to understanding both the nal microstructure of the inorganic layer and the incorporation mechanism of the electrolyte species. Fig. 1 shows the RMS voltage responses of the inorganic layer without (MO) and with (NiMO) the Ni-containing compounds, along with the plasma discharge characteristics at selected voltages and the physical appearance of the inorganic layer. Irrespective of the electrolyte composition, three different stages were identied based on rate of increase in the voltage with respect to the processing time. In stage I, the voltage rose at a steep rate, linear to the time increase, due to the rapid passivation of the magnesium substrate; the voltage increase stemmed from the increase of electrical resistance resulting from the growth of the passive lm.
8,24,25
The lm continued to grow until the breakdown voltage, at which the barrier structure of lm became porous, was exceeded, as represented by the gradual decrease in terms of the slope. This region of decreasing slope aer the breakdown voltage was denoted as stage II. The onset of stage II was preceded by the appearance of tiny, fast-moving sparks uniformly over the sample surface accompanied by acoustic emission as a consequence of O 2 gas breakdown. 26, 27 In regard to the breakdown mechanism, Hussein et al. postulated that it might be imitated by (i) gas breakdown at the inorganic layerelectrolyte interface, or (ii) oxide lm dielectric breakdown due to high-intensity discharges. 27 This model was in a good agreement with the results reported by Jovovic et al. in a study of spectroscopic characteristics during plasma discharges, 28 in which massive bubbles appeared at the breakdown site and could signicantly alter the nal microstructure. These reports also paralleled the ndings of Cheng et al. and Troughton et al. 29, 30 The breakdown voltages of MO and NiMO were equal, $225 V, as a result of the equivalent electrolyte conductivity associated with similar KOH concentration. [31] [32] [33] Stage II was important, because it determined the characteristics of the inner layer, which served as the main contributor to corrosion protection. 34 Moreover, this stage was also important to the early decoration of the inorganic layer, since the incorporation of electrolyte species would be promoted by the high energy plasma. 35, 36 Here, the increase of voltage was more prominent for NiMO, which might have been due to features of its inorganic layer, such as its compactness, composition, or morphology. 37, 38 These factors would signicantly inuence the plasma characteristics, such as the number of discharges and their size, duration, and energy. [21] [22] [23] The voltage response tendency observed in stage II continued until the critical voltage was exceeded. Both MO and NiMO showed a similar critical voltage, indicating the beginning of stage III. During this stage, the voltage responses for both samples showed a plateauing tendency owing to their identical total resistances. This tendency would not be a function of lm resistance due to the presence of dielectric fracture or electron avalanche.
39
The inset in Fig. 1 shows photographs of the discharges at selected PEO voltages in stage II. Irrespective of the electrolyte composition, vigorous gas evolution was observed at $225 V on both samples. Aer the breakdown voltage was exceeded, shortlived plasma discharges emerged over the entire surface of the samples as a result of dielectric breakdown of the passive lm.
32
The discharge characteristics changed quickly, with notable plasma avalanches being observed at sites with the lowest resistance, 22, 30, 40 as shown in the upper-le inset of Fig. 1 . The intensity of the plasma discharges on NiMO was lower than those on MO, due to the increase in electrical resistance arising from the incorporation of Ni species. 36, [41] [42] [43] Here, the occurrence of large and high-intensity discharge cascades on the surface of MO allowed for a fast melting process, thus producing a lower voltage response as compared to NiMO.
When the voltage exceeded $330 V, the size and intensity of the plasma discharges on both samples increased further and signicant differences in the appearance of the discharges were evident. The duration of the discharge cascades was longer compared to the plasma discharges observed in the early period of stage II in both inorganic layers, which provided more time for the electrolyte species to be incorporated into the oxide layer. Inhomogeneous, bright, and vigorous discharges with a size of $1 mm were observed on MO, while such characteristics were absent on NiMO. This phenomenon remained obvious for the majority of processing time, until the discrepancy gradually diminished in stage III. The right-most images of the insets show the physical appearance of the inorganic layer formed via plasma electrolysis. The nal colour of the inorganic layer was attributed to its chemical composition and structural morphology. The MO sample was light grey in colour, which is typical of PEO layers on Mg alloys, 8 whilst NiMO exhibited a homogeneous dark brown colour, which might be related to the presence of nickel hydr(oxide). The homogeneous colour of NiMO was suggested to be attributed to the uniform distribution of the nickel compounds.
Structure and composition of the inorganic layers Fig. 2(a) and (b) present the surface morphology and elemental mapping of MO and NiMO, respectively. Both inorganic layers exhibited typical PEO structures comprised of micropores and oxide nodules, which originated from the plasma discharges and the solidication of molten oxide. 7, 36, 43 The average porosities of the MO and NiMO samples were $11.1% and $5.4%, respectively. The average pore size decreased signicantly from $3.5 to $1.5 mm with the incorporation of the Ni compounds. This remarkable decrease was correlated with the voltage increase observed for the NiMO sample during stage II. These results were in a good agreement with earlier studies which reported that several factors would inuence the voltage response, including the morphology, composition, and thickness of the inorganic layers.
35,38,44,45
The morphologies of the samples were in a good accordance with the plasma discharge characteristics observed during the PEO process, with large-sized discharges generating inorganic layers with large-sized micropores. On the other hand, so plasma discharges promote the formation of an inorganic layer with small-sized micropores.
46,47
Additionally, elemental mapping was carried out to investigate the distribution of nickel compounds over the surface of the inorganic layer. Irrespective of the electrolyte composition, the surfaces were dominated by Mg and O. This was associated with the formation of MgO, where the substrate served as the Mg source, and O was provided by the electrolyte species. The element Ni, which was only detected in the NiMO sample, was found to be distributed across the surface prole and was more likely to be incorporated in the vicinity of the micropores. This was in a good agreement with previous ndings which reported that micropores and discharge channels would be the preferential sites for incorporations due to their high surface energy and high local temperature arising from plasma discharge, respectively.
35,36
Fig. 2(c) and (d) show the cross-sections and corresponding elemental mapping of MO and NiMO, respectively, to present a comprehensive insight into the distribution of the nickel compounds in the inorganic layer. A number of micropores and discharge channels were observed in MO, in accordance with the surface characteristics of the inorganic layer. On the other hand, NiMO exhibited less defect structures and fewer discharge channels as compared to MO, which was presumably due to a sealing effect arising from the incorporation of nickel compounds in the oxide layer. Through EPMA analysis of NiMO, Ni was found to be distributed throughout the entire depth of the layer, with preferential distribution in the vicinity of the micropores. Additionally, the average thicknesses of MO and NiMO were $15 mm and $18 mm, respectively, which suggested that the plasma characteristics of NiMO were not only effective in reducing the pore size, but also benecial in accelerating the growth of the inorganic layer.
XRD and XPS analysis were performed to determine the chemical state of the nickel compounds in the inorganic layer, which might vary due to the complex behaviour of plasma electrolysis. Fig. 3(a) shows that MgO and Mg 2 SiO 4 were the major components of both samples, whilst Ni(OH) 2 and NiO made up a minor fraction of NiMO. The peak for Ni(OH) 2 was detected in several position, but the most prominent was at 2q value of 33 which was coming from diffraction of (101) plane, while NiO was at 2q value of 43.5 from the diffraction of (200) plane. Fig. 3(b) presents the XPS spectrum for Ni 2p 3/2 ; deconvolution of the spectrum showed that the Ni 2p 3/2 peak was divided into three peaks. The peak at a binding energy of 855.6 eV was assigned to NiO, [46] [47] [48] [49] whilst the peaks at 856.2 and 857.3 eV with a shakeup satellite at a higher binding energy of $6.5 eV were ascribed to Ni(OH) 2 . 50 The spectrum of O 1s was deconvoluted to analyse the source of the oxygen atoms on the surface. Fig. 3(c) shows that the majority of the oxygen atoms on the surface belong to Ni(OH) 2 . Judging from the area below the curve, the amount of oxygen atoms corresponding to Ni(OH) 2 was larger than that for NiO, which suggested that a larger fraction of the former was present. Furthermore, it was interesting to note that the majority of Ni was incorporated as the hydroxide form, while the main matrix, MgO, was in the oxide form. This might be related to the higher transformation temperature of Ni(OH) 2 ($503 K) as compared to that of Mg(OH) 2 ($410 K).
51,52
Although its concentration was lower than that of Ni(OH) 2 , the presence of NiO was conrmed by the dark colour of NiMO, which agreed well with previous study reporting that characteristic colour of NiO is dark brown. 53 While the formation of a metastable phase such as Ni 2 O 3 could occur at 573-773 K, this phase was not detected in the NiMO, presumably because the quenching rate during the electrolysis was too high to allow the transformation, or because high plasma temperatures above 4500 K (ref. 7 and 8) with non-equilibrium behaviour favoured the conversion of the metastable phase into NiO. 55 The microstructure of NiMO was studied in detail using transmission electron microscopy (TEM) and the selected area electron diffraction (SAED) pattern in order to conrm the existence of Ni(OH) 2 as well as NiO. The SAED pattern shown in Fig. 3(d) in accord with the XRD ndings, revealing the existence of MgO, Mg 2 SiO 4 , NiO, and Ni(OH) 2 in NiMO. Those compounds likely originated from species existing in the electrolyte, and were incorporated into the inorganic layer with the aid of the electrophoretic force as well as the high plasma energy.
31 Fig. 3 (e and f) show the HR-TEM image of NiMO. The lattice parameter analysis seen in Fig. 3(e) indicated that several areas of the hybrid layer had a lattice distance equal to 0.23 nm, which corresponds to the 011 plane of Ni(OH) 2 , whilst the area shown in Fig. 3(f) had a lattice distance of 0.21 nm, corresponding to the 002 plane of NiO.
55-57
Solar absorbance properties of the inorganic layers
The optical properties of the hybrid layers were characterized using light reectivity, solar absorptivity, and infra-red emissivity. Fig. 4 (a) reveals a signicant reduction in the average reectivity value, from $50% to $15%, with the incorporation of Ni(OH) 2 . The solar absorbance (a s ) of the inorganic layers was evaluated by measuring the increase in the of UV-Vis absorbance spectra shown in Fig. 4 (b) at wavelengths from 200 to 1000 nm, which is the range of visible light that human eyes can perceive. MO exhibited a relatively low a s of $0.4 at 200 nm while the a s peak of NiMO was $0.9 at 214 nm; this wavelength specically corresponds to Ni(OH) 2 . In addition, peak at 384 would also be addressed to the hydroxide form of Ni. 58 However, the peak associated with NiO at 295 nm was hardly detected, presumably due to the low fraction of NiO in NiMO.
Since the absorbance values of the two samples were signicantly different, and all the only difference in their preparation was the use of the additive, the discrepancy in their absorbance characteristics was attributed solely to the nickel (hydr)oxide. The increase in absorbance was believed to result from changes in the surface colour, composition, and thickness of NiMO due to the incorporated Ni(OH) 2 and NiO, which absorbed a large amount of solar radiation in the UV-Vis region, thus improving the absorbance of the hybrid layer.
Ma et al. 59 and LeBlanc et al. 60 reported that high a s values were mainly related to the richness of transition metal oxide in the inorganic layer. Here, Ni(OH) 2 was found to play a greater role in light absorption based on the intensity of the peak at 214 nm due to its higher content in the sample. In turn, the higher Ni(OH) 2 content arose from the high quenching rate during the PEO process, which impeded the transformation of Ni(OH) 2 to NiO while promoting the formation of Ni(OH) 2 . The high electrical resistance of the inorganic layer due to the incorporation of Ni(OH) 2 might be responsible for stabilizing so plasma, which prevented violent discharges and fostered the growth of the inorganic layer. The increase in thickness would enhance the light absorption ability of the hybrid layer and improve its photochemical performance.
59 Fig. 4 (c) presents a comparison of the a s values and the thickness ratios of the inorganic layers produced with MgO by employing various dopants. The hybrid layer reported in this work showed excellent absorbance despite having a relatively thin inorganic layer compared to the other materials.
As mentioned above, high absorbance and low infrared emittance would be desirable properties for high efficiency materials. The thermal emissivity was calculated according to the method described in ref. 2 , using a wavelength range of 250-2500 nm, which would cover most radiation at a temperature of 373 K, as shown below: 
where l is the wavelength in micrometres, A(l) is the absorbance value at the wavelength l, and I b (l,T) is the blackbody spectral radiation at the temperature T. The solar absorbance and solar emittance values are listed in Table 2 . NiMO exhibited high absorbance and lower emittance values, which suggested that its energy efficiency (a s /3) was much superior to that of MO. These optical properties were related to the composition as well as the microstructure of the inorganic layers. Thus, to conrm the microstructure of the inorganic layers electrochemical tests and to investigate their corrosion resistance, electrochemical tests were conducted on both samples.
Electrochemical performance analysis of the hybrid layer
The electrochemical stability of MO and NiMO were evaluated by performing cyclic voltammetry (CV) in a 3 wt% KOH solution with a scan rate of 100 mV s À1 over the potential range À5.0 V to 5.0 V vs. an Ag/AgCl electrode as a reference. Fig. 5(a) shows the current-potential characteristics of the inorganic layers over the course of 24 h. Three distinct regions of current were identied due to double layer formation, oxygen evolution, and hydrogen evolution. The current in these regions was altered in the presence of Ni owing to the disparity in the accessible surface area of the inorganic layers. The higher current in MO implied that its inorganic layer was more porous, meaning that more active sites were exposed to the electrolytic ions.
61
The cations and anions from the KOH electrolyte were adsorbed on the inorganic layer during the anodic process, and then desorbed during the reverse scan. Both samples showed similarly shaped curves with no reduction-oxidation (redox) peaks in the double layer region, indicating that the inorganic layers were electrochemically stable. To be more precise, the narrow area bounded by the curve in the double layer region of NiMO was smaller than that of MO, indicating that NiMO was more resistant to redox reactions. In addition, NiMO showed a large electrochemical window of up to 3.0 V without any noticeable redox peaks, indicating that this sample could be employed for applications with operation voltages of À3.0 to 3.0 V. 62, 63 The CV proles of both samples shown in Fig. 5 (b) revealed that the anodic and cathodic currents increased quickly with repeated cycling. This indicated that with increasing cycle number, more active sites were exposed to the electrolytic ions. However, the stability of the NiMO remained Fig. 4 (a) Reflectivity-wavelength curve of both coatings at the scanning range of 200 to 1000 nm with an excitation wavelength of 325 nm showed average reflectivities of $50% and $15% for MO and NiMO, respectively. (b) Absorbance (a s ) value in the UV-Vis-NIR range for both samples, showing the significant absorptivity of the NiMO samples at 214 nm and less significant peak at 384 nm which were ascribed to Ni(OH) 2 . (c) a s /thickness ratio of the PEO coating on the magnesium alloy with the variation of incorporated transition elements indicated by the symbols. The present results for NiMO showed a high solar absorbance (a s ) value with a lower thickness than the other PEO coatings. unchanged, as evidenced by the absence of any redox peaks in the double layer region.
On the other hand, previous studies suggested that Ni(OH) 2 might undergo an oxidation reaction under electrochemical testing, as given by the Glemser and Einerhand reaction below.
However, this phenomena was unlikely to occur in the present work, probably due to the strong bonding between the MgO matrix and Ni(OH) 2 arising from similar atomic radii of 0.083 nm and 0.086 nm from Ni 2+ and Mg 2+ ions, respectively.
64
To support this result, the electrochemical responses of the inorganic layers related to their corrosion behaviour were assessed by potentiodynamic polarization in a 3.5 wt% NaCl solution. By means of Tafel least-squares tting method, the anodic and cathodic Tafel slopes (b a and b c , respectively), corrosion potential (E corr ), and corrosion current density (i corr ) values were derived from the polarization curves, and are summarized in Table 3 . The polarization resistance (R r ) values reecting the corrosion resistances of the samples were determined in accordance with the Stern-Geary equation, 55 shown below, Fig. 5(a) shows the polarization curves of the bare metal, MO, and NiMO, with the E corr value following the order bare metal < MO < NiMO, and the i corr values following the reverse order, NiMO < MO < bare metal. High E corr and low i corr values represent superior corrosion properties.
32
The corrosion protection of MO was improved considerably as compared to the bare metal which indicated by the shi of E corr value to more positive potential, i corr value to smaller density, and appreciable increase of R r value. These phenomena would be coming from the protection given by inorganic layer, which composed mainly of MgO and Mg 2 SiO 4 , which generally known having higher chemical stability as compared to that of bare Mg alloys.
In addition, the R r of NiMO was approximately two orders of magnitude higher than that of MO, indicating $100 times greater corrosion protection. 65 This result was consistent with the CV prole, in which the incorporation of Ni(OH) 2 sealed the micro-pores and discharge channels found in the inorganic layer, thus generating a denser structure with lower porosity and reducing the accessible surface area for the corrosive agents (Cl À ions) to penetrate the inorganic layer. This nding was also in agreement with a previous study by Luo et al., 66 in which the high thickness and excellent compactness of the inorganic layer were reported to lead to good barrier properties and a stable microstructure during long-term immersion in a corrosive environment.
Discussion
Mechanism for the incorporation of Ni(OH) 2 
and NiO
The incorporation of electrolyte species into the inorganic layer typically occurred through high-temperature reactions that took Table 3 Potentiodynamic polarization results of the bare metal, MO, and NiMO in a 3.5 wt% NaCl solution. E corr , I corr , b a , and b c were derived by Tafel extrapolation. R r was calculated based on the Stern-Geary equation place in the discharge channels or adjacent areas. The plasma electron temperature of the ignited discharges on the surface of the substrate was $4500-11 000 K (ref. 34) whilst the pressure was $0.2-100 GPa. 7 At the beginning of the PEO, the temperature reached $4500 K, and increased to 4800-5200 K when strong plasma discharges appeared. 7 This value was much greater than the actual temperature of the molten magnesium oxide owing to the localization of the high-temperature discharges. A study by Lee et al. on PEO of Mg alloys by utilizing two kinds of stable particles with different melting points, suggested that the plasma temperature involved during PEO was in the range of 2116-2643 K. 34 Due to this high temperature, a strong perturbation which might arise from the molten oxide would facilitate the incorporation of electrolyte species near the metal-electrolyte interface. 34 During plasma electrolysis, cationic species, in this case Ni 2+ , would likely be repelled by the positive anode. Nevertheless, Ni 2+ could be incorporated into the inorganic layer for two possible reasons: (i) the principle of electric neutrality of plasma and (ii) the adsorption of phosphate as one of the electrolyte species.
66,67
More importantly, in an alkaline electrolyte, Ni 2+ tends to form Ni(OH) 2 , which would be followed by the formation of anion complexes as shown in eqn (7), would move readily towards the positive anode. 68 In addition, the electrolyte was stirred throughout the PEO process, assisting the incorporation of particles. 31 The vigorous plasma discharges further facilitated the incorporation of Ni(OH) 2.4 0.4À into the inorganic layer. Ni , and H 2 O to produce Ni(OH) 2 , as shown in eqn (6) . The instantaneous high temperature and pressure around the discharge channels during the PEO process led to partial the oxidation of Ni(OH) 2 to form NiO, as described in eqn (8) .
0.4À (7)
A mechanism for the incorporation of Ni(OH) 2 and NiO based on the microstructure of the hybrid layer was proposed and is represented in Fig. 6 . In this mechanism, Ni(OH) 2 was incorporated on the surface of the passive lm during the initial stage of PEO. The oxidation reaction accelerated the growth rate of the inorganic layer during the PEO process to form a thick inorganic layer. 67 When the breakdown voltage was exceeded, the barrier structure of the lm became porous, and concurrently, the incorporation of Ni was enhanced by the plasma discharges ignited on the anode surface via the strong uctua-tions in molten magnesium oxide that promoted the incorporation of Ni. 69 As the voltage raised, the intensity and size of the plasma discharges would be reduced which might be due to the enhanced incorporation of Ni ions with stable oxidation state such as Ni(OH) 2 and NiO, which improved the coating compactness, thus allowing the layer to withstand a strong electric eld, reducing the destructive effect and generating smaller size of plasma discharges. Accordingly, the hybrid layer would have a smaller pore size and lower porosity, as depicted in Fig. 2(b) . 
Solar absorbance properties of the inorganic layers
The incorporation of nickel (hydr)oxide led to high solar absorbance in the wavelength range of visible-light because the transition element Ni acted as a colouring agent that could absorb most of the light radiation. Transition elements such as Ni, Fe, Cu, and Mn have d-electron orbitals, and both the outermost and the second-outermost electron shells of these elements are unsaturated. When the light radiation falls on an inorganic layer containing those kinds of elements or ions, electron transfer takes place between the outermost and the second-outermost electronic shells. Consequently, absorption takes place at the corresponding wavelength, and the inorganic layer exhibits the complementary colour of the corresponding wavelength.
70,71
The solar absorbance has also been reported to depend on the structure and composition of the inorganic layer. 72 A very thick inorganic layer reduces reectivity and enhances the solar absorbance. The incorporation of nickel (hydr)oxide produced inorganic layers with a higher thickness due to the increase of layer growth and the decrease of micro-defect density induced by ne plasma discharges. This might enhance the efficiency of the inorganic layer as a light trapping material. [73] [74] [75] In addition, the electrical resistance of an inorganic layer also affects its reectivity. Chang et al. 76 reported that light reection, R, was inversely related to the electrical resistance, r, as described in eqn (9) .
To compare the performance of NiMO with previous reports of magnesium alloy substrates doped with other transition elements during the PEO process, 67,71,77,78 the a s /thickness-ratios of the inorganic layers are presented in Fig. 6 . The layer containing Ni showed the highest a s /thickness ratio. This indicates that despite its lower thickness, the inorganic layer could absorb a greater amount of light radiation compared to other inorganic layers with greater thicknesses. It is worth noting that this layer would be desirable for solar absorber applications which require a thin layer, such as thin lm solar cells and wearable devices. The high a s /thickness-ratio could be attributed to two main factors. First, NiMO exhibited a denser structure than MO. According to Yao et al., 79 the solar absorbance is mainly related to the structure and composition of the inorganic layer, and the absorbance increases with the formation of a more compact structure. Second, the incorporation of NiO and Ni(OH) 2 throughout the entire depth of the inorganic layer could be responsible for the increase in light absorption.
Conclusions
A hybrid inorganic layer with a thickness of $15 mm in which a MgO matrix was decorated with nickel (hydr)oxide was fabricated via green plasma electrolysis in an alkaline electrolyte. Aer the onset of breakdown phenomena, the incorporation of nickel (hydr)oxide was achieved uniformly throughout the hybrid inorganic layer by means of so plasma discharges. The so discharges were related to (i) the presence of colloidal Ni(OH) 2 , which impedes the high electrical eld in the present electrolyte and (ii) the incorporation of nickel (hydr)oxide, which lowers the electrical conductivity of the inorganic layer. Electrochemical analyses using cyclic voltammetry and potentiodynamic polarization measurements suggested that the hybrid inorganic layer exhibited good electrochemical stability even in a corrosive environment due its low porosity of $5.4%, which resulted from the incorporation of nickel (hydr)oxide. Interestingly, the hybrid inorganic layer shows a high solar absorptivity of $0.92 and a low infrared emissivity of $0.13. Accordingly, a high ratio of solar absorptivity to thickness was achieved in the present hybrid inorganic layer using pollutionfree processing; this method will have implications in the development of desirable functional materials for aerospace and sustainable energy applications with excellent surfacecontrolled characteristics.
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